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Abstract: In this research, results of the investigation of the sliding friction and wear of yttria-stabilized tetragonal
zirconia polycrystalline (Y-TZP) and Y-TZP-Al2O3 samples preliminarily subjected to low-temperature degradation
are reported. The investigation was carried out using a pin-on-disk tribometer with simultaneous recording of
acoustic emission (AE) and vibration acceleration. The sliding wear process was found to be determined by
dynamic direct and inverse Y-TZP transformations detected by monoclinic and tetragonal X-ray diffraction
peak ratios. The AE signals generated under direct and inverse transformations can be used to characterize
wear and friction mechanisms as well as direct and inversed sliding-induced phase transformations. The AE
signal energy grows with the friction coefficient and the inverse transformation degree. Reduction of the AE
signal energy indicates establishing the mild wear stage caused by effective stress-induced direct martensitic
transformation. The AE signal median frequency increases in the case of lower friction. Numerical studies of
wear subsurface fracture under conditions of stress-induced martensitic transformation were used to elucidate
the role played by the phase transformation in Y-TZP and Y-TZP-Al2O3. Martensitic transformation in Y-TZP
was described with use of the non-associated dilatant plasticity model. Simulation results particularly show
that increase in the value of dilatancy coefficient from 0 to 0.2 is accompanied by 25%−30% reduce in characteristic
length and penetration depth of sliding-induced subsurface cracks. As shown the AE may be an effective tool
for in-situ monitoring the subsurface wear of materials experiencing both direct and inverse transformations.
Keywords: zirconia; transformation toughening; low-temperature degradation; friction; acoustic emission;
numerical modeling; movable cellular automata method

1

Introduction

Tetragonal zirconia polycrystalline ceramics (TZP)
partially stabilized by 3 mol% of yttria (3Y-TZP) are a
well-known material that makes it possible to combine
high strength, fracture toughness, ion conductance,
and low thermal conduction. Therefore, they have been
evaluated for numerous applications, ranging from

thermal barrier coatings to biomedical materials.
However, 3Y-TZP is prone to low-temperature
degradation (LTD) in a humid atmosphere [1]. The LTD
may occur in the 20−400 °C range when polycrystalline
100% tetragonal-phase material slowly transforms
into a monoclinic zirconia with corresponding fast
degradation of strength and fracture toughness.
Phase transformation in LTD starts locally and results
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in surface fissuring by means of micro and macro
cracks [2]. The LTD may be inhibited by introducing
various hard particles, such as alumina, and thus
results in a ceramic material composite [3].
The effect of transformation-induced plasticity on
Y-TZP wear has been extensively studied. Thus, Fischer
et al. [4] investigated the effect of transformationinduced fracture toughness of this ceramic on the wear
resistance depending on the dissolved Y2O3 content.
The improved fracture toughness corresponded to high
Y-TZP wear resistance. The sliding speed was very
low (0.001 m/s) to avoid heating the sample.
Sliding tests on Y-TZP should be stopped on reaching
the sliding speed value 1 m/s to avoid further
catastrophic deterioration on the Y-TZP worn surface
[5]. The rationale is that the transformation toughening
contribution to wear resistance is reduced as the worn
surface temperature grows with the sliding speed
and becomes closer to the tetragonal-phase stability
boundary of 900 °C.
Grinding texture formation for tetragonal and
monoclinic peaks in Ce-TZP and Y-TZP materials
was explained by friction heating the worn surface
layers, which promoted reversible martensite transformation and, thus, caused the crystalline lattice
reorientation [6, 7].
It is common to discuss the 100% tetragonal Y-TZP
wear against a steel counter body in a sliding speed
range of 0.2–0.9 m/s in terms of microcutting by ceramic
wear particles detached from the sample under the
action of the stress exerted by the volume expansion
effect of strain-induced martensitic transformation
[8, 9]. Such a wear process may be referred to as mild
wearing contrast to the brittle fracture that occurs at
higher speeds when strain-induced plasticity is not
effective. The LTD-aged samples are less prone to
the direct martensite transformation and, therefore,
studying wear and friction on them is of interest for
the research community.
Deville et al. [2] analyzed in a critical manner
the applicability of different analytical methods for
characterization of the LTD aging, including X-ray
diffraction (XRD), scanning electron microscopy (SEM),
optical interferometry (OI), and atomic-force microscopy (AFM). It was shown that both XRD and SEM
have limited spatial resolution, which does not allow

observing subsurface and superficial structural changes
at the first LTD stage, respectively. However, both OI
and AFM allow observing the LTD onset stage on
the surface of a sample, but no information about
subsurface structural changes can be obtained. Also,
the AFM observation is confined by small surface areas
of interest. Therefore, the above-named methods do
not allow obtaining adequately full information about
the LTD, and new methods should be applied. One of
these methods used for studying LTD in 3Y-TZP is
acoustic emission (AE) [10]. It was shown that both
the AE count rate and amplitude correlate with LTD
evolution and, therefore, may be used for real-time
monitoring of the 3Y-TZP structural condition.
There is a lack of studies on the behavior of the
LTD-aged 3Y-ZP ceramics in mechanically mated
couples, i.e., when the 3Y-TZP subsurface already
contains some amount of monoclinic phase, while the
mechanical behavior of 3Y-TZP ceramics subjected
to LTD is an interesting issue concerning the wide
application of these ceramics.
Most of the investigations in the field of AE
monitoring focused on AE monitoring of metallic
sliding contacts, and little research was devoted to
the AE monitoring of ceramic ones [11−13]. It was
established that the AE signal root mean square (RMS)
amplitude is linearly dependent on the friction force
work given that the sliding speed is kept constant.
There is another approach to AE signal studies
that looks for correlations between the AE signal
time–frequency domain values and mechanical
loading parameters. The AE signal’s most informative
parameters are median frequency and power spectral
dependencies on time [14−17].
The AE signal sources in sliding wear on zirconiabase ceramics depend on the martensitic transformation.
McBride et al. suggested [18] that wear debris removal
from the unlubricated sliding contact was characterized
by high-amplitude short-rise-time AE signals, while
running-in wear and plastic flow resulted in lowamplitude long-rise-time AE signals.
Deformation and fracture processes in zirconiabased materials have been studied using the AE by
many researchers [19−22]. Lankford [20] used AE for
controlling the deformation and fracture on magnesia
partially stabilized zirconia (Mg-PSZ) ceramics in a
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compression test. The AE events occurred only on
reaching the yield offset stress, so that the acoustic
emission was related to the nonlinear stress-strain
curve portion, i.e., the portion whose nonlinearity was
determined by martensitic transformation. There was
no such nonlinear behavior at elevated temperatures
(700 °C) when martensitic transformation became
hardly feasible. Further mechanical loading resulted
in registering the AE signals from a final catastrophic
failure. These observations allowed Lankford to suggest
that AE signals have been generated only by a
microfracture dissipation mechanism and not by the
transformation itself.
Drozdov et al. [21] established that AE signals
during a transformation-induced plastic deformation
stage on zirconia-base materials have been generated
by microcracking under tensile loading. The AE count
rate was in good correlation to the crack size and
propagation velocity. Therefore, AE signals in sliding
friction are generated by the subsurface cracks that
are responsible for the wear particle formation. It was
found earlier that crack propagation caused by sliding
might be detected by median frequency drops [14−16].
Another fast-developing trend in studying the
integral martensitic transformation as well as the LTD
phenomenon is computer-aided modeling. Numerical
approaches in the field of modeling the wear and
friction processes occurring in Y-TZP-base ceramics
face the necessity of modeling the martensitic transformation effects; therefore, a continuous theoretical
description of integral martensitic transformation
manifestations in materials (including 3Y-TZP) is
traditionally performed using associated plastic flow
models based on different yield criteria [23−27].
Experimental investigations show that both first and
second stress tensor invariants (or equivalent stress
and mean/hydrostatic stress, respectively) should be
included with these yield criteria [23]. The necessity
of considering the hydrostatic stress is determined
by the high value of volume change, 4% to 5%, that
occurs during direct or inverse martensitic phase
transformation and by a significant contribution
of localized dilatancy/compaction to toughening/
embrittlement.
The well-known examples of the above-described
models are various versions of the two-parameter
micromechanical Hwang-Lagoudas model, which

makes allowance for the hydrostatic stress contribution
into the yield criteria in the form of linear approximation
[23−27]. Characteristic 3Y-TZP values of a volume
expansion strain of 4% to 5% and a lattice shear of
7% to 16% are used as the two-parameter model
yield criterion parameters. Despite giving noticeable
advantages, the use of these “localized” models for
description of inelastic deformation in volumes that
partially experienced martensitic transformation is
complicated by the necessity of introducing extra
new phase growth kinetic models. Furthermore, the
generation of transformation-induced shear bands
gives highly distorted localized stress fields, which
serve to nucleate microcracks and, thus, further
contribute to inelastic volume expansion (dilatancy)
[28]. The latter fact is, as a rule, not considered within
the frameworks of the above-described plastic
flow models. At the same time, the key integral
manifestations of such a combined transformation/
microcrack-induced plasticity mechanism could be
adequately described using general mathematical
models based on the nonassociated plastic flow rule.
A key feature of those models is introducing an
extra integral parameter, such as a dilation rate, as
well as a specific ratio that makes it possible to
determine the dilation rate dynamics in the course of
inelastic deformation. The well-known example of
such a model is the Nikolaevsky nonassociated plastic
flow model based on the von Mises-Schleicher yield
criterion [29−30]. Note that structural form of this
criterion is a full analogue of the Hwang-Lagoudas
micromechanical criterion as well as the Nikolaevsky
model parameters can be estimated, among others,
from those of micromechanical model. The Nikolaevsky
model has originally been formulated for description
of a microcrack-induced dilatant inelastic behavior of
brittle rocks and ceramics. However, its generality
and independence of the localized stress relaxation
mechanisms allowed using it for modeling the
mechanical behavior of Y-TZP (as well as Y-TZP-Al2O3
ceramics) under pressure/temperature (PT) conditions
favorable for direct phase transformation accompanied
by material dilation [31].
Wear in ceramics is mainly by subsurface fracture.
Therefore, this model is used here for a numerical
study of the subsurface damages accumulated in Y-TZP
and Y-TZP-Al2O3 ceramic materials during sliding.
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This research combines the results of experimental and
numerical studies of the effect of transformationinduced plasticity on the subsurface fracture. The
objective of this research is to understand how direct
and inverse transformations occur during the wear
and friction in LTD-aged Y-TZP/steel and Y-TZP-Al2O3/
steel and establish correlations with the AE and
vibration acceleration signal parameters.

2

Material and methods

The ceramic samples had a chemical composition
as follows: 97 mol% ZrO2 + 3 mol% Y2O3 (Y-TZP) and
80 wt% ZrO2 (3 mol% Y2O3) + 20 wt% Al2O3 (Y-TZPAl2O3). Freshly sintered Y-TZP and Y-TZP-Al2O3 samples
had 5% porosity and contained 100% tetragonal-phase
zirconia. These samples were stored for more than
20 years at the room temperatures and humidity. The
resulting LTD-aged samples contained both tetragonal/
monoclinic phases at ratios of 64/36 and 75/25, for
Y-TZP and Y-TZP-Al2O3, respectively. The LTD-aged
samples revealed multiple instances of spalling and
microcracking on their surfaces formed as a result of
tetragonal-to-monoclinic transformation.
The tribological behavior of the samples was studied
using a pin-on-disk scheme and TRIBO technic
tribometer. The ceramic samples were 3 mm × 3 mm
in cross-section area and 10-mm-high pins. The disk’s
surfaces were mechanically ground to roughness Ra =
0.32 μm. The sliding speed and path were 0.5 m/s and
1 m/s, respectively. Normal loads were 13 N and 26 N.
After testing, the worn surfaces of the ceramic samples
were examined using an optical microscope Altami
МЕТ 1С. XRD studies of the polished surfaces were
performed using an XRD instrument DRON 3.0, 40 kV,
22 A, and Cu-K radiation in the 2 range 26°–38°.
An EYa-2 setup (Togliatti State University) attached
with a MSAE-L230-1000kHz bandpass 20-mm-diameter
sensor was used to receive and analyze the acoustic
emission signals. Parasite signals generated by the
mechanical system were removed by means of a 50 kHz
highpass LC-filter. The AE signal sampling rate was
1 kHz. Therefore, an AE signal envelope characterized
the slowly occurring processes. The quickly occurring
processes were characterized by the AE 0.021 s duration
frames recorded at sampling rate 6.25 MHz. The AE

frames were analyzed together with the simultaneously
obtained vibration acceleration signal. Special software
was developed for determining median frequency
values for each frame using the short-time Fourier
transformation (STFT) with a rectangle 1000-data-point
window size and 300-point length shift. Doing so
enabled the time dependencies of these characteristics
to be reconstructed for the full signal duration.
The vibration acceleration signals were registered
by an IMI industrial accelerometer and USB data
logger NI-9234 (National Instruments) at a sampling
rate 25.6 kHz. The running root mean square (run
RMS) of acceleration was calculated for 1-s signal
acquisition periods.

3

Results

Experimental time dependencies characterizing the
friction coefficient, AE median frequency, AE signal
energy, and RMS vibrational accelerations in two
perpendicular planes are shown in Fig. 1, Fig. 2, Fig. 4,
and Fig. 5 for different sliding-speed and normal-load
values as obtained on LTD-aged Y-TZP/steel and
Y-TZP-Al2O3/steel couples.
3.1

Y-TZP/steel

3.1.1

Friction coefficient

Sliding at 0.5 m/s and 13 N load (Fig. 1(a)) was
characterized by high-frequency and low-frequency
friction coefficient oscillations in the range ~0.05–0.64.
The low-frequency oscillation period was approximately
1,000 s. Increasing the normal load to 26 N resulted in
increasing the friction coefficient range to ~0.05–0.92
(Fig. 1(b)).
Sliding at 1 m/s and 13 N load (Fig. 2(a)) was in
steady friction mode with an almost constant friction
coefficient 0.2 until approximately the 1800th s, which
then changed for high-amplitude oscillation mode
in the range ~0.07–0.42. Sliding at 1 m/s and 26 N
was characterized by a short running-in period and
then high-amplitude oscillations in the range ~0.09–0.6
(Fig. 2(b)).
3.1.2 AE signal median frequency
Y-TZP/steel, 0.5 m/s. The AE signal median frequency
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Fig. 1 Time dependencies of friction coefficient ((a), (b)), AE
median frequency ((c), (d)), AE energy ((e), (f)), and vertical ((g),
(h)) and horizontal ((i), (j)) vibration acceleration RMS for
Y-TZP ceramics obtained in sliding at 0.5 m/s, 13 N ((a), (c), (e),
(g), (i)) and 26 N ((b), (d), (f), (h), (j)) normal load.

(MF) stays almost constant until approximately the
1700th s, when it shows first a narrow high-frequency
burst and then a set of bursts of even higher frequency
(Fig. 1(c)). Increasing the normal load to 26 N gives
a row of 75–215 kHz frequency peaks, which then

Fig. 2 Time dependencies of friction coefficient ((a), (b)), AE
median frequency ((c), (d)), AE energy ((e), (f)), and vertical ((g),
(h)) and horizontal ((i), (j)) vibration acceleration RMS for
Y-TZP ceramics obtained in sliding at 1 m/s, 13 N ((a), (c), (e),
(g), (i)) and 26 N ((b), (d), (f), (h), (j)) normal load.

disappear (Fig. 1(d)). High-frequency 1 MHz narrow
bursts arise again from 2600th s (Fig. 1(d)).
MF histograms in Figs. 3(a) and 3(c) show that the
values are predominantly in the frequency range of
55–300 kHz for sliding at a normal load of 13 N. For a
0.5 m/s sliding speed, there is a high-frequency 300–
1,050 kHz tail (Fig. 3(a)). Sliding at a higher normal
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growing to 8 and 6 m/s2, respectively (Figs. 1(g) and 1(i)).
The vertical and horizontal vibration acceleration
RMS values show sequences of peaks whose heights
decay and grow, respectively, depending on the 26 N
sliding test time (Figs. 1(h) and 1(j)).
Y-TZP/steel, 1 m/s. The vertical and horizontal vibroaccelerations are low and in a steady mode from the
beginning of the sliding under a 13 N load (Figs. 2(g)
and 2(i)). The first high-amplitude vibrations in sliding
at 13 N and 26 N appear starting from 1500th s and
1000th s, respectively (Figs. 2(g)−2(j)).
3.2
Fig. 3 Median frequency distribution histograms for Y-TZP in
sliding at 0.5 m/s 13 N (a) and 26 N (b) and at 1 m/s 13 N (c) and
26 N (d).

load of 26 N shifts the distribution to the lower
frequency end (i.e., 55–225 kHz) leaving a small amount
of high-frequency 600–1,060 kHz peaks (Figs. 3(b)
and 3(d)).
Y-TZP/steel, 1 m/s. The median frequency changes
in the range 75 to 175 kHz at a normal load of 13 N
(Fig. 2(c)). The 26 N sliding is accompanied by nonsteady MF growth in the 70–225 kHz range (Fig. 2(d)).
MF histograms (Figs. 3(c) and 3(d)) show a narrow MF
distribution within 55–175 kHz for samples tested at
1 m/s 13 N (c) and 1 m/s 26 N (d).
3.1.3 AE energy
Y-TZP/steel, 0.5 m/s. The AE energy plot shows almost
no changes during the first 3,200 s period of sliding
at a 13 N load (Fig. 1(e)). High peaks appear starting
from the 3200th s. Sliding at a higher load of 26 N
gives a set of medium-amplitude peak groups as well
as one high-amplitude one (Fig. 1(f)) starting from
1300th s.
Y-TZP/steel, 1 m/s. The first high-energy peaks appear
after sliding for 1,600 s and 2,000 s at a 13 N and 26 N
load, respectively (Figs. 2(e) and 2(f)).
3.1.4 Vibration acceleration in vertical and horizontal
planes
Y-TZP/steel, 0.5 m/s. Vertical and horizontal plane
vibration acceleration RMS values stay below the
4 m/s2 range during sliding at a 13 N load until
reaching a 3,200 s time at which they start sharply

Y-TZP-Al2O3/steel

3.2.1

Friction coefficient

Sliding composite ceramics Y-TZP-Al2O3 against steel
is accompanied by high-amplitude friction force
oscillations for 13 N and 26 N loads at 0.5 m/s (Figs. 4(a)
and 4(b)). The same type of behavior is exhibited at a
1 m/s sliding speed (Figs. 5(a) and 5(b)).
A diagram in Fig. 6(а) shows that increasing the
normal load resulted in increasing the mean friction
coefficient while increasing the sliding speed to reduce
it. The mean friction coefficient values of Y-TZP/steel
were higher than those of the Y-TZP-Al2O3/steel couple.
3.2.2 AE signal median frequency
Y-TZP-Al2O3/steel, 0.5 m/s. MF starts increasing from
the beginning of the sliding at 13 N, thus reaching a
maximum value of 250 kHz (Fig. 4(c)) at the 3250th s
and then diminishing to 70 kHz. A higher load of
26 N gives a background MF level of approximately
100 kHz with a 500 s duration group of bursts
starting at the 750th s (Fig. 5(c)). The MF histograms
demonstrate (Figs. 7(a) and 7(b)) that sliding at
13 N provides an uneven MF distribution with a
predominating low-frequency and fewer AE highfrequency events. The distribution becomes greater
even in sliding at 26 N with the peak value in the
range of 75–125 kHz as well as a smaller group of
125–275 kHz signals.
Y-TZP-Al2O3/steel, 1 m/s. Increasing the sliding velocity
had only a minor effect of MF for normal load values
of 13 N and 26 N (Figs. 4(c) and 4(d) and Figs. 5(c)
and 5(d)). According to the diagrams in Fig. 3 and
Figs. 7(c) and 7(d), mean MF values for both Y-TZP/
steel and Y-TZP-Al2O3/steel couples fall into the

| https://mc03.manuscriptcentral.com/friction

Friction 6(3): 323–340 (2018)

329

Fig. 4 Time dependencies of friction coefficient ((a), (b)), AE
median frequency ((c), (d)), AE energy ((e), (f)), and vertical ((g),
(h)) and horizontal ((i), (j)) vibration acceleration RMS for
Y-TZP-Al2O3 ceramics obtained in sliding at 0.5 m/s, 13 N ((a),
(c), (e), (g), (i)), and 26 N ((b), (d), (f), (h), (j)) normal load.

Fig. 5 Time dependencies of friction coefficient ((a), (b)), AE
median frequency ((c), (d)), AE energy ((e), (f)), and vertical ((g),
(h)) and horizontal ((i), (j)) vibration acceleration RMS for
Y-TZP-Al2O3 ceramics obtained in sliding at 1 m/s, 13 N ((a), (c),
(e), (g), (i)), and 26 N ((b), (d), (f), (h), (j) normal load.

75–200 kHz range. Maximal MF was found for Y-TZP/
steel at 0.5 m/s and 13 N. All other speed and load
combinations provide MF values higher than those
obtained from the Y-TZP/steel couple.

changed for a high-energy peak group, thus forming
a steplike diagram in Fig. 4(e). Analogous AE energy
behavior was observed for sliding at a 26 N load
(Fig. 4(f)). The first medium energy peak group formed
after sliding for 750 s and then quickly changed for
almost-constant-height high-energy peaks (Fig. 4(f)).
Y-TZP-Al2O3/steel, 1 m/s. Medium energy peaks were
observed after 13 N load sliding for 550 s (Fig. 5(e))

3.2.3 AE energy
Y-TZP-Al2O3/steel, 0.5 m/s. A medium-energy peak
group formed after sliding for 2,400 s at 13 N and then
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and then changed for the high-energy peaks according
to the above-described two-step plot pattern. Another
type of behavior was observed for sliding at a 26 N
load when two almost-equal height peak groups
appear (Fig. 5(f)). The minimum AE energy value
was observed in the case of Y–TZP–Al2O3/steel sliding
(Fig. 6(c)).

Fig. 6 Diagrams showing (a) mean friction coefficient values,
(b) mean AE median frequency values, and (c) mean AE energy
values for Y-TZP (z) and Y-TZP-Al2O3 (20a) samples. The first
number after the material index (“z” or “20a”) denotes the sliding
velocity (0.5 m/s or 1 m/s), while the second index corresponds
to the normal load value (13 N or 26 N).

3.2.4 Vibration acceleration in vertical and horizontal
planes
Y-TZP-Al2O3/steel, 0.5 m/s. Vertical and horizontal
vibro-acceleration RMS values showed their first
14 m/s2 and 7.8 m/s2 peaks in the range 0 to 1,000 s
for sliding at a 13 N load (Figs. 4(g) and 4(i)). Gradual
reducing vibro-acceleration RMS values were observed
until the 2000th s, when high peaks appeared. The
horizontal RMS’s second peak was higher than that
of vertical one. Sliding at 26 N provided another RMS
dependence pattern when medium-height irregular
peaks existed from the beginning of the process, and
then it changed for low-amplitude ones, thus revealing
steady-mode load-sliding stages for vertical and
horizontal vibro-accelerations (Figs. 4(h) and 4(j)).
Again, horizontal vibro-acceleration RMS values are
higher than those of vertical.
Y-TZP-Al2O3/steel, 1 m/s. For 13 N sliding, two RMS
peaks were observed when the first sharp and high
peak arose close to the sliding onset point, and the
second irregular and wide one appeared starting at
the 1500th s (Figs. 5(g) and 5(i)). A more complicated
pattern was observed in the case of sliding at a 26 N
load. There were three peaks followed by reducing
RMS amplitudes (Figs. 5(h) and 5(j)). The vertical and
horizontal vibro-accelerations were low and in a
steady mode from the beginning of the sliding under
a 13 N load. The first high-amplitude vibrations in
sliding at 13 N and 26 N appear starting from the
1500th s and 1000th s, respectively (Figs. 5(g)−5(j)).
3.3

Structural and phase evolution of worn surfaces

Y-TZP worn surfaces were more rough with the
presence of cracks and spalling than those on Y-TZPAl2O3 (Fig. 8).
The worn surfaces of all samples contained both
monoclinic and tetragonal phases. The amount of

Fig. 7 Median frequency distribution histograms for Y-TZP-Al2O3.

Fig. 8 Optical microscopy images of Y-TZP (a) and Y-TZP-Al2O3
(b) worn surfaces on sliding at 1 m/s 26 N.
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monoclinic phase on the worn surface reduced by
10% compared with that of as-received LTD samples,
resulting in 55% in Y-TZP monoclinic and 65% in
Y-TZP-Al2O3.
Another finding was that the worn surfaces revealed
some XRD texturing, which is determined as the ZrO2
tetragonal-phase XRD peak intensity ratio I(002)/I(200).
This ratio is increased by sliding and becomes higher
than the 0.5 value inherent in the random crystalline
lattice orientation as determined from XRD on the
freshly polished ceramics surface. This ratio becomes
higher than 0.8 and is applicable to the ZrO2
monoclinic-phase XRD peak ratio I(11-1)/I(111).
In the case of Y-TZP-Al2O3, the tetragonal I(002)/I(200)
and monoclinic I(11-1)/I(111) ratios were higher than those
of Y-TZP for all sliding speed and load combinations
(Fig. 9). This may tell much about sliding-induced
transformation in the LTD-aged ceramics. This was
investigated from the standpoint of AE parameters,
which may denote the effect of the transformation on
sliding.
Possible correlations among the friction coefficient,
XRD, and AE parameters are shown in Fig. 10 and
Fig. 11. The AE energy/friction coefficient and friction
coefficient/XRD peak ratios are also shown in Fig. 10
and Fig. 11. There is a correlation between the AE
energy and friction coefficient (Fig. 10). Furthermore,
the minimal AE energy and friction coefficient values
correspond to those of Y-TZP and Y-TZP-Al2O3 ceramic
samples, demonstrating high ZrO2 tetragonal I(002)/I(200)
and monoclinic I(11-1)/I(111) ratios.

Fig. 10 AE energy vs. friction coefficient.

Fig. 11 Monoclinic-phase peak I002/I200 (a) and tetragonal I11-1/I111
(b) peak intensity dependencies of friction coefficient and AE
energy ((c) and (d)).

4

Fig. 9 Monoclinic and tetragonal-phase peak intensity ratios
I11-1/I111and I002/I200, respectively, for Y-TZP (z) and Y-TZP-Al2O3
(20a) after sliding at 1 m/s 13 N (1−13) and 1m/s 26 N (1−26).

MCA modeling

A numerical 2D movable cellular automata (MCA)
method was used to gain more understanding of the
subsurface tribological behavior of both composites.
The MCA method is one of the so-called “explicit”
discrete-elements methods (DEMs) when the evolution
of an ensemble of discrete elements is defined by a
numerical solution of the system of classical equations
of motion using an explicit numerical scheme. Specific
features of this method of 2D implementation are as
follows: (1) approximation of equivalent disks for
interpreting the element shape when numerically
solving equations of motion (this makes it possible to
use simplified Newton–Euler equations of motion);
(2) approximation of homogeneous distribution of strain
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and stresses in the volume of discrete elements (the
stress-strain state of a discrete element is determined
by the average stress tensor  and average strain
tensor ); (3) element-element interaction forces are
formulated in the framework of the original manybody form with the use of average stresses and strains
[32−35]. To describe the elastic behavior of the Y-TZP
and Y-TZP-Al2O3 ceramic materials within the MCA
framework, a model of locally isotropic linear Hook’s
law materials is used. The inelastic behavior of
discrete elements used for Y-TZP simulation have been
described using the pressure-dependent Nikolaevsky’s
plastic flow model [34]. This model is based on the
nonassociated plastic flow rule and Mises–Schleicher
criterion    J1  J 2  3 mean   eq

3 , where J1

and J2 are the first stress tensor invariant and
second stress tensor deviator, respectively;  is the
dimensionless parameter proportional to the internal
friction coefficient  ( = 3); mean is the mean stress;
and eq is the stress intensity. A limiting state condition
for the discrete-element volume is defined by breaking
the equality as follows [30]:
 = Y

(1)

where Y is the value of yield stress under the condition
of pure shear (cohesion). An important feature of
Nikolaevsky’s model is a postulated linear relation
between the rates of shear and bulk plastic strains
with the dilatancy factor  [29]:
I1p  2 I2p

(2)

where I1p is the first invariant of plastic deformation
rate tensor, and I2p is the second invariant of the
plastic deformation rate tensor. The necessity for using
the nonassociated plastic flow rule for describing the
transformation-induced inelastic behavior of Y-TZP
is dictated by the rather high value of dilatancy
achieved as a result of this transformation. An extra
contribution is given by microcracks formed near the
localized transformation shear bands because of high
local distortion of the stress fields.
This localized fracture within the MCA method is
modeled by an unlinked state of two automata,
which is opposed to the normally linked (bonded)
state. The automata state is changed on achieving

either the strength limit for ductile materials or a
multiparameter criterion in the case of brittle materials.
The Drucker-Prager [36] pressure-dependent criterion
is used in this work as a fracture criterion:

 eq 0.5  a  1   mean 1.5  a  1   c

(3)

where c is the strength limit,t is the tensile strength,
and  mean and  eq are the mean stress and stress
intensity on the interaction surface of this pair,
respectively.
Detailed description of numerical implementations
of Nikolaevsky’s model as well as the fracture model
within the formalism of the MCA method can be
found elsewhere [34]. A numerical study was carried
out with the use of the 2D sample, which models
the microscale real contact area between two bodies
of the same phase composition brought in sliding
adhesionless contact (Fig. 12). The samples’ surfaces
had a roughness mean period of 0.06 m and mean
asperity height of 0.03 m. Periodic boundary conditions
were established along the horizontal x-axis.
The contacting bodies were simulated by closepacked ensembles of equal-sized discrete 5 × 10−4 m
elements. Initially, all neighboring elements in each
body were in an as-linked state. The subsurface layers
were free of any defects. The top sample was fixed
against displacement along the x-axis. A normal load
Fy was applied to the top sample along the y-axis,
thus giving a contact stress of 200 MPa. The bottom
of sample moved at Vx = 5 m/s with respect to the
fixed top one. Given that the bottom sample was
fixed against displacement along the y-axis, the whole

Fig. 12 Schematics of Y-TZP (a) and Y-TZP-20%Al2O3 (b) for
the model samples and loading.
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system represented the sliding experiment when the
fixed top sample slides over the surface of the moving
bottom one.
Two types of friction couple were modeled: Y-TZP/
Y-TZP and Y-TZP-20%Al2O3/Y-TZP-20%Al2O3. Their
mechanical characteristics are shown in Table 1. Y-TZP
and alumina were represented as elastic–plastic and
elastic–brittle materials, respectively (Fig. 13).
The volume expansion effect of tetragonal-tomonoclinic transformation in Y-TZP was modeled
using a dilatancy effect, as described above. The
dilatancy coefficient was varied to reveal its effect on
subsurface structure evolution in the numerical MCA
experiment. The first stage was using zero dilatancy
and internal friction coefficients, i.e., this was a nodilatancy associated plastic flow von Mises criterion
model implying that the shear strength does not
depend on the pressure and the inelastic volume does
not change during inelastic deformation. All other
material characteristics corresponded to those shown
in Table 1. The results obtained at this stage show that
the effective toughness of the Y-TZP ceramics was
reduced, because numerous and deep cracks were
Table 1

generated during sliding. These subsurface cracks
could facilitate wear by fracture (Fig. 14(a)).
The results of the experiments with  = 0.1 and  =
0.2 show that the number of cracks, as well as their
in-depth penetration, is reduced with  (Figs. 14(b)
and 14(c)). The integral parameters of submicron-sized
sliding-induced cracks formed in the Y-TZP subsurface
(Table 2) show that the crack characteristic length
and penetration depth reduce by 25%–30% when the
dilatancy coefficient grows from 0 to 0.2. The rationale
here is that the dilatancy of the material ahead of the
crack tip might have created the constraint conditions
for the crack growth and thus improved the fracture
toughness by analogy with the effect of transformation
plasticity in real Y-TZP. These crack parameters
depend nonlinearly on the dilatancy coefficient  with

Mechanical characteristics of the materials modeled.
Characteristic

ZrO2

Al2O3

Density ρ (kg/m )

5,700

3,984

Young modulus E (GPa)

172

416

Poisson ratio, ν

0.3

0.3

Elasticity limit y (MPa)

980

–

Internal friction coefficient, 

0.57

–

Dilatancy coefficient, 

0.1

–

Compression strength с (MPa)

1,400

1,400

Tensile strength t (MPa)

700

300

3

Fig. 13 Stress-strain diagrams for alumina (1) and Y-TZP (2).

Fig. 14 Subsurface fracture in Y-TZP at dilatancy coefficient
 = 0 (a),  = 0.1 (b), and  = 0.2 (c).
Table 2 Parameters of >0.05 m length subsurface cracks in
the model samples of Y-TZP.
Parameters

=0

 = 0.1

 = 0.2

Mean value of
crack length1)

0.26 m

0.195 m

0.18 m

Mean in-depth penetration
of cracks2)

0.19 m

0.15 m

0.14 m

Note: 1) Mean crack length has been determined as the total crack
length-to-number ratio. 2) Mean in-depth penetration of cracks
has been determined as a total crack penetration depth into the
bulk of the material along the y-axis over the total crack number.
Only >0.05 m (5 automaton diameter) length cracks have been
considered.
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a tendency to a plateau behavior at ~0.3. Such a
limitation of the submicron-crack-growth-suppressing
mechanism by means of the phase-transformationinduced dilation is related to the opposing influence
of the contact surface.
The column graph in Fig. 15(a) shows the wear
particle size distributions generated by wear under
conditions presented in Fig. 14. Each wear particle in
the model contact zone was determined as an entity
composed of only interlinked automata and isolated
from the parent material by cracks (shown by arrows
in Fig. 14(a)). The wear particle size in Fig. 15 is the
so-called effective value, which is implied as a side
length of a square wear particle composed of the same
automaton number. The effective wear particle size
was thus determined using the formula D n , where
D is the automaton diameter, and n is the number
of automata belonging to the particle. Figure 15(a)
shows that wear particles generated in the absence
of the transformation-induced dilatancy  = 0 (red
columns) are at least one order of magnitude larger
than those obtained with  = 0.1 and  = 0.2. The
narrow and discrete wear particle size distributions
in Fig. 15 were dictated by the limited model sample
size as well as the finite size of the automaton, which
is also the minimum wear particle size.
Even though the amount of large wear particles is
two orders of magnitude less than that of fine ones
composed of either one or few automata, their contribution to the volume/weight loss by wear is 50%
higher. The results of modeling suggest that wear in
the absence of dilatancy occurs by forming the wear
particles of various size ranges with almost the same
number of particles falling into each range. The
dilatancy allows improving the fracture toughness
by inducing the local compression stress within the
geometrically constrained volumes, thus suppressing
both the subsurface crack growth and generation of
large wear particles.
Figure 15(a) shows that the increase in the dilatancy
coefficient does reduce the wear particle size, which
does not exceed the size of few automata at  = 0.2
(see blue and magenta columns). These results suggest
that the maximum size wear particles, as well as their
contributions to total weight/volume losses, are in
the reverse proportion to the local volume expansion
degree that resulted from the phase transformation.

Fig. 15 Volume fractions (a) and mass contributions (b) of
different size wear particles for three considered model ceramic
materials with  = 0 (red columns),  =0.1 (blue columns) and
 = 0.2 (magenta columns). Mass contributions are shown in
arbitrary (automata amount) units.

When discussing the effect of this local volume
expansion on wear, note that increasing the dilatancy
coefficient results in manifold reduction of the
wear particle total mass. The crossover from a classic
“dilatancy-free” rheological model of the ceramics
(von Mises plasticity) to the transformation-induced
plasticity makes it possible to reduce the total wear
losses by a factor of six (red and magenta columns in
Fig. 15(b)).
Total mass losses by wear are assumed within this
model framework as potential wear mass losses due
to using the periodic boundary conditions, which do
not imply any real mass losses.
The weight loss dependency on  (Fig. 15(b)) shows
a leveling upward tendency already at  = 0.2. This
may be explained by the above limitation of the
crack growth suppression effect from the opposing
influence of free wear particles of the contact surface.
The results of modeling demonstrated the importance
of transformation-induced dilatancy in modeling
both the subsurface crack growth and wear.
Another result is that wear resistance improvement
of Y-TZP ceramics is feasible by introducing alumina
particles. A model Y-TZP-20%Al2O3 composite structure
is given by Fig. 12(b). Alumina particles were homogeneously distributed in 1 × 2.2 μm2 area. The results
of modeling show that the subsurface damaged
layer has much lower thickness compared with that
on Y-TZP ceramics (Fig. 16 and Fig. 14(c)). Both the
amount and length of the wear-generated subsurface
cracks, as well as the total mass of the wear particles,
are also several times lower. Crack propagation is
retarded near alumina particles, so that they are
redirected along the particle–matrix interface. This is
especially the case in the constraint interparticle space
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The results of numerical simulation using the MCA
method and dilatant plasticity model support the
conclusions made on the basis of experimental data.
The dilatancy approach to modeling the wear behavior
of transformation-induced plasticity ceramics therefore
deserves attention and may be successfully applied.

5 Discussion

Fig. 16 Subsurface fracture on Y-TZP-20%Al2O3 at dilatancy
coefficient  = 0.2.

when two alumina particles are close to each other;
therefore, the dilatancy exerts compression stress
between the particles. When this interparticle distance
is greater, the cracks may propagate deeper inside the
ceramics long after less compression stress is generated.
When discussing the results of simulation, it
necessary to mention that quantitative values of the
parameters of subsurface cracks and wear particles
were obtained using the particular (fixed) size of
movable cellular automata. As shown in Ref. [37],
when applying a local mesh-independent fracture
criterion, for example, the fracture criterion (3)-the
magnitudes of the “ultimate” local stresses at which
asperities detach from the surface or subsurface cracks
nucleate are automaton-size-dependent. Therefore,
the automaton size determines the quantitative
characteristics of the damage and wear of the surface
layer. A promising way to eliminate this technical
dependence is to apply the mesh-dependent (scaled)
formulation of fracture criterion, which was first
introduced and verified for adhesive contacts [38, 39]
and described for the particular case of the discreteelement method [37]. Use of the mesh-dependent
criterion should provide more-accurate estimates of
the wear characteristics, while the above-discussed
regularities of the influence of coefficient  remain
the same.

The LTD is inherent in almost all zirconia-based highfracture-toughness ceramic materials that experience
tetragonal-to-monoclinic transformation under mechanical loading, including sliding friction. It was
shown earlier that wear in these ceramics is fully
determined by a phase-transformation-dependent
mechanism. These materials, however, are used in
numerous sliding friction couples, including those
working in high-humidity conditions where LTD is
an especially fast-occurring process. The LTD may be
inhibited by tetragonal grain refining or adding the
reinforcement alumina grains, which exert internal
residual stress in the composite because of thermal
expansion. Therefore, there is interest in studying the
LTD-aged samples’ behavior under sliding conditions.
In this work, the T-TZP-based LTD-aged samples
were intentionally destabilized by storing them for
20 years in air under room temperatures, so that the
amount of a monoclinic phase in Y-TZP was 60 vol.%.
Despite that high monoclinic-phase content, the
sliding-friction-induced tetragonal-to-monoclinic transformation occurred both in Y-TZP and Y-TZP-Al2O3
materials during wear. The transformation intensity
depended, however, on a specific sliding speed and
load combination, as well as the ceramics type.
The results of wear experiments show that a
Y-TZP-Al2O3/steel couple had lower friction coefficients,
lower AE energy, and higher median frequency values,
as well as less damaged worn surfaces compared with
those of Y-TZP/steel ones. On the basis of these results,
as well as on the literature sources, these distinctions
arise from differences in acting wear mechanisms,
which are somehow connected with the transformation
toughening.
5.1

Y-TZP

It was noted above that friction-generated heat has its
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effect on the worn surface monoclinic phase so that
inverse monoclinic-to-tetragonal transformation can
occur almost simultaneously with the direct one. Also,
mechanical fragmentation and grain subdivision
of the ceramic grains during sliding will inevitably
facilitate the inverse transformation. The result of these
processes will be the formation of the XRD textures,
which are detected by tetragonal and monoclinic
peak I002/I200 intensity inversions.
Increasing the sliding speed above 1 m/s results in
heating the ceramic subsurface layer to temperatures
that partially inhibit the direct stress-induced transformation and transformation-induced plasticity, thus
causing catastrophic thermomechanical deterioration
of the low-heat-conductivity zirconia ceramics.
The LTD-aged samples used in this work already
had a 60 vol. % monoclinic phase in the subsurface
layer; therefore, there were numerous defects.
Sliding at 0.5 m/s may easily peel this defect layer
off the sample and, thus, form a wear debris layer,
which is subjected to further deformation and heating.
These particles may then partially experience inverse
transformation and become tetragonal-phase ones.
Simultaneously, tetragonal bulk grains experience
strain-induced direct transformation and also form
wear particles, which then may be heated at the real
contact areas and become tetragonal ones again.
Finally, we may have a tribological layer consisting of
fine ceramic particles where both direct and inverse
transformation dynamically occur during sliding and
forming the XRD textures.
The vibration acceleration RMS changed in time
in accordance with the friction coefficient, so that
steady-mode friction with only background RMS
values was observed for a long period until the
formation of wide peaks. Such a steady-mode dynamics
may be explained by the strain-induced for the material
at low sliding speed. High-amplitude vibrations
appeared closer to the end of the test and may be
related to the loss of plasticity because of friction
heating. For sliding at 0.5 m/s and 26 N, vibration
acceleration RMS stays minimal only for a short
period of time because of faster friction heating at
that high load.
Sliding at 1 m/s and 13 N shifts the equilibrium to
the inverse transformation region when there is no
structural adaptability mechanism in the form of direct

transformation mechanisms. The result is catastrophic
deterioration of the worn surface by cracking and
detaching of large wear particles. Intense cracking
definitely causes intense high-amplitude AE signals
with low median frequency and high AE energy,
whereas transformation-induced plasticity must give
high median frequency and low AE energy because
of the arresting of the subsurface crack propagation.
The vibration acceleration RMS shows peaks from the
beginning of the sliding, thus being in accordance with
the friction coefficient and friction heat generated. The
same could be true for sliding at 1 m/s and 26 N.
Numerical studies of wear in Y-TZP support the
above-discussed experimental data, showing intense
crack development in the material as a result of the
transformation dilatancy effect.
5.2

Y-TZP-Al2O3

The specificity of wear and friction in the Y-TZPAl2O3/steel couple may have several aspects. The first
is that high-modulus reinforcement alumina particles
are distributed among the zirconia ones, giving them
high-thermomechanical stability and less sensitivity to
high temperatures [40]. Such a reinforcement makes
it possible to attain higher fracture toughness, even
after full high-temperature loss of transformation
toughening because of crack propagation deflection
on the reinforcement particles.
The second aspect is that alumina particles create
some constraint conditions to avoid excess straininduced plasticity and microcracking, thus improving
the effect of transformation toughening and arresting
the subsurface crack propagation in sliding [40].
Relatively high heat conductivity of alumina particles,
i.e., 40 W/(m·K) at 25C as compared with 2 W/(m·K)
of ZrO2-Y2O3 in the temperature range 100−1,400 °C
is the third aspect contributing to friction on
Y-TZP-Al2O3. Therefore, Y-TZP-Al2O3 has better heat
removal conditions in sliding and better thermodynamic conditions for strain-induced transformation
toughening. These three aspects contribute to better
wear resistance of Y-TZP-Al2O3 as compared to Y-TZP,
and this is supported also by the fact that the Y-TZPAl2O3 tetragonal I(002)/I(200) and monoclinic I(11-1)/I(111)
ratios are higher than those of Y-TZP. The Y-TZPAl2O3 may have experienced more-intense reversible
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transformation.
That effective reversible transformation in Y-TZPAl2O3 provides efficient stress relaxation on the worn
surface and reduces surface deterioration. Relatively
milder wear in the Y-TZP-Al2O3/steel couple is
accompanied by lower AE signal energy and higher
median frequency.
Vertical and horizontal vibrations changed in time
in accordance with friction coefficient except for those
obtained in sliding at 1 m/s and 26 N. Also, there is
steady stage of the vibration acceleration RMS
dependence for 0.5 m/s and 13 N, which could be
related to the above-discussed specificity of the wear
and phase transformation in this metal. Also, highRMS peaks might be caused by the indenting of the
counter body by free alumina grains, which are harder
than those of zirconia and do experience strain-induced
transformation. Thus, wear debris should be composed
of large alumina grains and smaller zirconia ones that
still may be capable of strain-induced transformation
for the reasons stated above.
Even though the MCA modeling could not reproduce
any inverse transformation effects, it showed that the
subsurface fracture zone thickness for Y-ZP-Al2O3
was less than that of Y-TZP.

then are arrested in the matrix by transformationinduced dilation constraint bulk stresses.
The worn surfaces of both materials showed the
presence of inverse peak intensity ratios, i.e., the traces
of reversible transformation. Inverse monoclinic-totetragonal transformation occurred in the case of higher
friction heating, which also caused AE energy growth
because of the loss of subsurface crack-arresting
capability and inhibition of direct strain-induced
transformation.
As shown, there is a strong correlation between
AE signal parameters and XRD texturing of the
monoclinic and tetragonal phases. Increasing the
textured peak ratio leads to a decrease in AE signal
energy and friction coefficient. The LTD-aged samples
contained the same amount of monoclinic phase in
their Y-TZP components. Nevertheless, the monoclinic
phase I(11-1)/I(111) ratio increased after sliding with
the AE signal median frequency and decreased with
the AE signal energy and friction coefficient. Therefore,
AE may be an effective method for in-situ monitoring
of the subsurface wear of materials experiencing both
direct and inverse transformation.

6 Conclusion

The work was financially supported by the Russian
Federation via the Ministry of Education and Science of
the Russian Federation (Agreement No. 14.607.21.0186,
project identifier RFMEFI60717X0186).

Acoustic emission mean characteristics, such as
median frequency and AE energy, were found to be a
material response to sliding speed and load combinations, taking into account the cumulative effect
of competing sliding process factors, such as strain
and temperature, on the phase transformation in LTDaged Y-TZP and Y-TZP-Al2O3. Hybrid Y-TZP-Al2O3/
steel sliding showed better tribological characteristics
than those of Y-TZP because of their structure. These
results are supported by numerical-modeling ones
that showed that Y-TZP strain-induced transformation
dilatancy in a constraint shear condition within the
contact spot retards the subsurface crack nucleation
and crack arresting at a depth lower than that without
taking account of the dilatancy. Similar results have
been obtained for the Y-TZP-Al2O3composite. Subsurface nucleates predominantly on the Y-TZP/Al2O3
interfaces, which serve as stress concentrators and
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